Bovine herpesvirus 1 (BHV-1) infection induces clinical symptoms in the upper respiratory tract, inhibits immune responses, and can result in life-threatening secondary bacterial infections. Following acute infection, BHV-1 establishes latency in sensory neurons within trigeminal ganglia. Periodically, reactivation from latency occurs, resulting in virus transmission. The latency-related (LR) RNA is abundantly expressed in latently infected sensory neurons, suggesting that LR gene products regulate the latency-reactivation cycle. An LR mutant virus with stop codons at the amino terminus of the first open reading frame (ORF) in the LR gene (ORF2) does not reactivate from latency, in part because it induces higher levels of apoptosis in infected neurons. ORF2 inhibits apoptosis in transiently transfected cells, suggesting that it plays an important role in the latency-reactivation cycle. ORF2 also interacts with Notch1 or Notch3 and consequently inhibits their ability to trans-activate the bICP0 early and glycoprotein C promoters. In this study, we identified ORF2 sequences that were necessary for inhibiting cold shock-induced apoptosis or Notch1-mediated trans-activation of the bICP0 early promoter and stimulation of productive infection. Relative to ORF2 sequences necessary for inhibiting apoptosis, distinct domains in ORF2 were important for interfering with Notch1-mediated transactivation. Five consensus protein kinase A and/or protein kinase C phosphorylation sites within ORF2 regulate the steady-state levels of ORF2 in transfected cells. A nuclear localization signal in ORF2 was necessary for inhibiting Notch1-mediated trans-activation but not apoptosis. In summary, ORF2 has more than one functional domain that regulates its stability and functional properties.
Bovine herpesvirus 1 (BHV-1) is a significant viral pathogen of cattle (72) that suppresses immune responses. Infection can result in life-threatening pneumonia due to secondary bacterial infections (reviewed in references 40, 45, and 46) . Increased susceptibility to secondary infection correlates with depressed cell-mediated immunity after BHV-1 infection (6, (16) (17) (18) . CD8 ϩ T cell recognition of infected cells is impaired by repressing the expression of major histocompatibility complex class I and the transporter associated with antigen presentation (20, 24, 57) . CD4 ϩ T cell function is impaired during acute infection of calves, because BHV-1 infects CD4 ϩ T cells and induces apoptosis (73) . Three viral genes (UL49.5, bICP0, and gG) can inhibit specific immune responses in the absence of other viral genes (reviewed in references 41 and 46) . The ability of bICP0 to inhibit interferon (IFN)-dependent transcription is crucial for pathogenesis, because BHV-1 does not grow in mice unless they lack IFN receptors (1) . BHV-1, due to its immune-suppressive properties, is a significant risk factor for a multifactorial disease commonly referred to as bovine respiratory disease complex.
Like other Alphaherpesvirinae subfamily members, the primary site for BHV-1 latency is sensory neurons within trigeminal ganglia (TG). Lytic cycle viral gene expression (67) and infectious virus (30) are detected in TG, but latency is subsequently established. Increased corticosteroid levels, as a result of stress, can initiate BHV-1 reactivation from latency (45) . Administration of the synthetic corticosteroid dexamethasone to calves or rabbits latently infected with BHV-1 reproducibly leads to reactivation from latency, virus shedding, and a secondary antibody response (30, 38, 39, 43, 44, 63) . Induction of lytic cycle viral gene expression is consistently detected in TG neurons of calves latently infected with BHV-1 following dexamethasone treatment.
The BHV-1 latency-related (LR) gene expresses an abundant transcript (LR-RNA) in latently infected sensory neurons (64, 65) . The LR gene contains 2 major open reading frames (ORFs), ORF2 and ORF1, and two reading frames that lack an initiating methionine, RF-C and RF-B (49) . The LR gene is also antisense with respect to an important viral transcriptional regulator, bICP0, suggesting that LR-RNA reduces bICP0 levels. Small noncoding RNAs, including two microRNAs, encoded within the LR gene inhibit bICP0 protein expression in transient transfection assays (32) . A mutant BHV-1 strain with 3 stop codons at the N terminus of ORF-2 (LR mutant virus) does not express detectable levels of ORF-2 or RF-C (34) but expresses reduced levels of ORF1 in cultured cells during productive infection (53) . The LR mutant virus grows less efficiently in the ocular cavity or trigeminal ganglia and does not reactivate from latency following dexamethasone treatment (30, 31) , suggesting that the expression of LR proteins is required for the latency-reactivation cycle in cattle. During the establishment of latency, the LR mutant virus induces higher levels of apoptosis in TG neurons of infected calves (52) , and plasmids with the same stop codon mutations exhibit little or no antiapoptosis activity (7, 22) .
ORF2 coding sequences, in the absence of other viral genes, inhibit apoptosis in transiently transfected cells (70) , suggesting that ORF2 is a dominant function encoded by the LR gene. A yeast two-hybrid screen revealed that ORF2 interacts with Notch1 and Notch3, components of the Notch signaling pathway (74) . The Notch family of cellular transcription factors regulates the differentiation and development of nearly all mammalian cell types (reviewed in references 4, 8, 11, and 47). Notch1, but not Notch3, enhances BHV-1 productive infection. Only Notch1 activates the BHV-1 immediate early transcription unit 1 (IEtu1) and bICP0 early promoters, whereas Notch1 and Notch3 both trans-activated the late BHV-1 glycoprotein C (gC) promoter. ORF2 interferes with the ability of Notch1 to trans-activate the bICP0 early promoter and Notch1 or Notch3-mediated activation of the gC promoter (74), suggesting that this function is important for establishing and/or maintaining latency.
In the current study, a panel of ORF2 mutants was analyzed for their ability to inhibit apoptosis and interfere with the trans-activation potential of Notch1. The ORF2 domains necessary for interfering with Notch1-mediated trans-activation were distinct from those important for antiapoptosis. Localization of ORF2 to the nucleus was necessary for inhibiting Notch1-mediated trans-activation of the bICP0 E promoter but not for inhibiting apoptosis. Mutating putative protein kinase A (PKA) and/or PKC phosphorylation sites stabilized ORF2 steady-state levels but had no obvious effect on inhibiting apoptosis or interfering with Notch1-mediated trans-activation of the bICP0 early promoter. In summary, distinct domains within ORF2 were necessary for inhibiting apoptosis and interfering with Notch1-mediated trans-activation of the bICP0 early promoter.
MATERIALS AND METHODS

Cells and viruses.
Murine neuroblastoma (Neuro-2A) and rabbit skin (RS) cells were grown in Earle's modified Eagle's medium (EMEM) supplemented with 5% fetal calf serum (FCS), penicillin (10 U/ml), and streptomycin (100 g/ml).
A BHV-1 mutant containing the LacZ gene in place of the gC gene was obtained from S. Chowdury (Baton Rouge, LA) (gCblue virus) and has been previously described (13, 14, 76) . Stock cultures of gCblue were prepared in established bovine kidney cells (CRIB). The virus grows to titers similar to those of the wild-type (wt) virus and expresses the LacZ gene as a late gene.
Plasmids and transient transfections. The mammalian ORF2 construct was described previously (70) . Briefly, sequences derived from cDNA at 1 day postinfection (dpi) were cloned into pCMV-Tag-2B (Stratagene, La Jolla, CA) downstream of a Flag epitope using BamHI-HindIII restriction enzymes. Sequences derived from ORF2 cDNA at 1 dpi with a nuclear localization signal (NLS) deletion (amino acids [aa] 64 to 70) (ORF2-NLS), with PKA/PKC (ORF2-P) or all (ORF2-AP) putative phosphorylation sites mutated, were synthesized by Integrated DNA Technology (IDT; Coralville, IA) and cloned into the pCMVTag-2B plasmid by using BamHI-HindIII restriction enzymes. A construct containing the Notch1 intracellular domain (ICD) was cloned into a human cytomegalovirus expression construct and has been previously described (74) . The construction and characteristics of the bICP0 early promoter-chloramphenicol acetyltransferase (CAT) construct (EP-172) used in this study were described previously (74, 76) . The number in the plasmid name refers to the length of the bICP0 E promoter fragment cloned into the promoterless vector pCAT-basic. All plasmids were transfected into Neuro-2A cells in 60-mm dishes by using TransIT Neural (MIR2145; Mirus) according to the manufacturer's instructions.
Generation of ORF2 mutants by EZ::TN in-frame linker insertion. In-frame linker insertion mutants were prepared according to the manufacturer's instructions (Epicentre catalog number [Cat #] EZ104KN). ORF2 cDNA was released from pCMV2B-ORF2 by using BamHI-SalI endonucleases and cloned into pUC57. This plasmid was used as a target DNA in the reaction. The transposon reaction was set up as follows: 1 l of EZ-Tn5 10ϫ reaction buffer, 200 ng of target DNA, 1 l of EZ-Tn5 (NotI/KAN-3) transposon, 6 l of distilled water (dH 2 O), 1 l of transposase. The reaction mixture was incubated at 37°C for 2 h. To stop the reaction, 1 l of EZ-Tn5 10ϫ stop solution was added, and the reaction mixture was heated at 70°C for 10 min. Top 10 DH5␣ electrocompetent cells (Invitrogen) were transformed with 2 l of the reaction mixture and a 1:10 dilution was plated unto plates containing 50 g/ml kanamycin. DNA was extracted from random colonies, and initial mapping was performed by digestion with the restriction endonucleases BamHI and HindIII. Certain clones were then sequenced to determine the precise transposon insertion. A panel of these mutants was digested with NotI to remove the kanamycin gene, religated, and then digested with BamHI and HindIII and recloned into the pCMV2B Flagtagged vector. The Flag-tagged mutant constructs were confirmed by sequencing.
Immunofluorescence. Neuro-2A cells cultured for 48 h after transfection were washed twice with warm EMEM without serum and fixed in 4% paraformaldehyde for 10 min at 37°C. Cells were permeabilized with cold 100% ethanol at Ϫ20°C for 5 min. After washing three times with 1ϫ phosphate-buffered saline (PBS), slides were blocked with 3% bovine serum albumin (BSA) in PBS for 2 h and then incubated with the mouse anti-Flag antibody (Sigma F1804) (1:250) (Flag-ORF2) or rabbit anti-cleaved caspase 3 (Cell Signaling 6238S) (1:250) for 2 h at room temperature. The secondary antibody, goat anti-mouse/Alexa Fluor 633 (Invitrogen/Molecular Probes A21050) (1:100) or goat anti-rabbit/Alexa Fluor 488 (Invitrogen/Molecular Probes A11008) (1:100), was added, and cells were incubated for 1 h at room temperature in the dark. DAPI (4Ј,6-diamidino-2-phenylindole) (Thermo Scientific 46190) (1:1,000) was used to stain nuclear DNA. An Olympus IX 81 inverted confocal laser-scanning microscope was used to collect images (excitation/emission at 488/520 nm and 633/660 nm). For apoptosis assays, cells were incubated in EMEM with 2% FCS for 12 h. These cells were then incubated on ice (cold shock) for 4 h and subsequently processed for immunofluorescence.
Laddering assays. Cold shock-induced apoptosis of Neuro-2A cells was performed as previously described (69, 70 ) with a few modifications. Briefly, 24 h after transfection, Neuro-2A cells in T25 flasks were incubated in fresh EMEM with 2% serum for 12 h. Cells were then cold shocked on ice for 1 h and allowed to recover at 37°C for 3 h. Cells were subsequently collected, and analysis of fragmented DNA was performed as described previously (69, 70) .
␤-Gal assay. For apoptosis protection assays, Neuro-2A cells were grown in 60-mm plates and were cotransfected with 2 g of pCMV-␤-galactosidase (␤-Gal) plasmid and 2 g of pCMV-Tag plasmid expressing Flag-tagged ORF2 or ORF2 mutants using TransIT Neural (MIR2145; Mirus). Twenty-four hours after transfection, cells were cold shocked on ice for 2 h. Cells were then fixed and stained and the number of ␤-Gal ϩ cells counted as described previously (76) . The number of ␤-Gal ϩ cells in cultures expressing the blank vector was set to 100%. The number of blue cells in cultures transfected with ORF2 or ORF2 mutants was divided by the number of ␤-Gal ϩ cells in cultures transfected with the blank vector to calculate the fold difference. The results are an average of at least three independent experiments.
For BHV-1 productive infection assays, the BHV-1 gCblue virus was used. gCblue and procedures for preparing BHV-1 genomic DNA have been previously described (76) . RS cells grown in 6-well plates were cotransfected with 0.83 g of the gCblue viral genome, 1 g Notch1 ICD, and 1 g ORF2 or ORF2 mutants by using Lipofectamine 2000 (11668-019; Invitrogen). Twenty-four hours after transfection, cells were fixed and stained, and the number of ␤-Gal ϩ cells were counted. The number of blue cells in cultures transfected with a blank vector was used to calculate the fold difference in cultures transfected with Notch1 and ORF2 or ORF2 mutants. The results are an average of three independent experiments.
Western blot detection of ORF2 in transfected cells. Neuro-2A cells in 60-mm dishes were transfected with the designated plasmids, and 48 h after transfection cells were collected, washed once with 1ϫ PBS, and suspended in hypotonic buffer (10 mM Tris [pH 7.5], 10 mM KCl, 0.5 mM EGTA, 1.5 mM MgCl 2 , and 0.5% Triton X-100). Cells were vortexed and then centrifuged at 5,000 ϫ g for 2 min, and the supernatant was collected. The pellet was suspended in radioimmunoprecipitation assay (RIPA) buffer ( 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100) and incubated at 4°C for 30 min with rotation. Lysate was centrifuged at 14,000 rpm for 10 min and the supernatant was collected. Proteins were boiled in Laemmli sample buffer for 5 min and separated on a 12% SDS-polyacrylamide gel. Immune detection of ORF2 and its mutants was performed using a mouse anti-Flag antibody (F1804; Sigma) (1:500). A polyclonal goat anti-actin (SC-1616; Santa Cruz) antibody was used to confirm that equal protein amounts were loaded. A goat anti-histone 3 (SC-8654; Santa Cruz) was used as a control for detecting nuclear proteins in the respective cellular fractions. CAT reporter assays. Neuro-2A cells grown in 60-mm dishes were cotransfected with the designated plasmids. At 48 h after transfection, cell lysate was prepared by three freeze-thaw cycles in 0.25 M Tris-HCl, pH 7.4. Cell debris was pelleted by centrifugation, and protein concentration was determined by the Bradford assay. CAT activity was measured in the presence of 0.1 Ci 14 Cchloramphenicol (CFA754; Amersham Biosciences) and 0.5 mM acetyl coenzyme A (acetyl-CoA) (A2181; Sigma). The reaction mixture was incubated at 37°C for 1 h. All forms of chloramphenicol were separated by thin-layer chromatography. CAT activity in 50-g cell lysate was quantified using a Bio-Rad Molecular Imager FX (Molecular Dynamics, CA). Levels of CAT activity are expressed as fold induction relative to the vector control.
Statistical analysis of data. The standard Student t test was used to identify statistical difference. A P value of Ͻ0.05 was considered to be significant.
RESULTS
Construction of plasmids that express ORF2 mutant proteins. ORF2 is a 181-aa protein ( Fig. 1A and B) that is expressed in a subset of trigeminal ganglionic sensory neurons of latently infected calves (26, 33) . ORF2 has antiapoptosis activity (70) , and a recent study demonstrated that ORF2 interacts with Notch1 and Notch3, which results in interfering with trans-activation of certain viral promoters (74) . Furthermore, an alternatively spliced LR transcript encodes a protein con- The transposon mutants and the two phosphorylation mutants were cloned into the pCMV-Tag-2B vector and transfected into Neuro-2A cells. At 48 h after transfection, cells were collected and lysed using hypotonic buffer as described in Materials and Methods. After centrifugation, the supernatant was removed. The nuclei and other cellular debris were suspended in RIPA buffer, and the solubilized proteins were collected after centrifuging the residual debris; this solubilized fraction was designated the pellet. Detection of Flag-tagged ORF2 mutants was performed using an Anti-Flag antibody. A ␤-actin antibody was used to confirm that equal amounts of protein were loaded in each lane. A histone 3 antibody was used to identify nuclear proteins in the supernatant or pellet fraction. ORF2 is predicted to migrate as a 19-kDa protein, and the black circle denotes the position of this protein. The arrow denotes the higher-molecular-weight ORF2-specific bands that migrated at approximately 30 kDa, which were detected in certain samples. The transposon mutants are predicted to migrate as a 22-kDa protein and are denoted by a closed triangle. The location of a nonspecific band in D is denoted by the asterisk. The bracket denotes the position of the ORF2-specific bands that migrated slower than expected. For each lane, 100 g protein was loaded. (D) Neuro-2A cells were transfected with the designated plasmids and the respective samples collected at 48 h after transfection as described above. These results are representative of more than 3 independent experiments. taining part of ORF2 fused with ORF1, and this protein interacts with C/EBP-alpha (54, 74) . Since ORF2 appears to have at least two distinct functions, we hypothesized that ORF2 has more than one functional domain. A BLAST analysis of ORF2 did not reveal extensive similarity to known proteins and thus did not provide insight into the mechanism by which ORF2 inhibits apoptosis or regulates transcription. To identify functional domains within ORF2, a panel of transposon insertion mutants was constructed in which a 57-nucleotide sequence was randomly inserted into the template (Fig. 1B shows the insertion sites of the respective mutants). The EZ::TN linker insertion method was previously used to successfully generate a panel of bICP0 mutants, which is also a high-GC-content template (78) . This approach was used because ORF2 deletion mutants that were constructed did not encode a stable protein, whereas the transposon mutagenesis yielded a panel of mutants that spanned the protein.
Each transposon mutant was cloned into a Flag-tagged cytomegalovirus (CMV) expression plasmid and transfected into Neuro-2A cells. At 48 h after transfection, proteins were extracted using hypotonic buffer. Nuclei as well as other debris were separated from the supernatant by centrifugation, and the pellet was then solubilized with RIPA buffer. Western blots were performed using an anti-Flag antibody to assess expression levels of the respective transposon mutants. ORF2 is predicted to encode a 19-kDa protein, and a prominent band migrating near the predicted molecular weight was detected (Fig. 1C, closed circle) . The ORF2 transposon mutants migrated at an approximate molecular mass of 23 kDa (closed triangle) because of the additional 19 amino acids in the transposon insertion (Fig. 1C) . The higher-molecular-weight bands detected by the Flag antibody (denoted by the bracket) were specific for cells transfected with wt ORF2 or the respective transposon mutants of ORF2, and were not detected in cells transfected with the empty vector. We suggest that these higher-molecular-weight bands were posttranslationally modified ORF2. ␤-Actin levels in the respective lanes were similar, indicating that equivalent amounts of protein were loaded. Except for ORF2-95, the other transposon mutants expressed similar levels of protein as wt ORF2 (Fig. 1C) . In the pellet of cells transfected with ORF2, ORF2-240, ORF2-271, ORF2-333, ORF2-469, or ORF2-529, an ORF2-specific band was readily detected, suggesting that ORF2 and certain mutants were tightly associated with nuclear structures. This result was consistent with a previous study demonstrating that ORF2 is localized to distinct regions of the nucleus (74) . Low levels of histone 3 were detected in the supernatant, indicating that this fraction contained low levels of nuclear proteins as well as cytoplasmic proteins. High levels of histone 3 were present in the pellet, as expected, confirming that tightly bound nuclear proteins were associated with the pellet. Other extraction buffers yielded variable results (data not shown), further suggesting that ORF2 was associated with cellular structures and that the extraction of ORF2 was dependent on the extraction buffers used.
Within ORF2, there are 15 potential phosphorylation sites (Fig. 1A, gray-shaded amino acids) , which may explain why ORF2-specific bands migrating between 26 and 30 kDa were detected in transfected cells. Among the 15 putative phosphorylation sites, 5 consensus protein kinase A (PKA) and/or PKC phosphorylation sites were present (Fig. 1A , gray-shaded amino acids with white lettering). A mutant (ORF2-AP) containing all 15 putative phosphorylation sites and a mutant with the 5 PKA/PKC phosphorylation sites (ORF2-P) was synthesized in which the serine, threonine, or tyrosine residues in the wt sequence were replaced with alanine. Mutating the putative phosphorylation sites to alanine increased the stability of ORF2-AP (Fig. 1C, lane AP) or ORF2-P (lane P) relative to wt ORF2. Furthermore, higher levels of the ORF2 phosphorylation mutants were detected in the pellet. The phosphorylation mutants also had little or no higher-molecular-weight bands, adding support to the prediction that ORF2 may be phosphorylated by a cellular protein kinase.
A consensus nuclear localization signal (NLS) (aRRcRRc) is located between amino acids 64 and 70 of ORF2 (10) (Fig.  1A, underlined amino acids, and B) . To test whether this NLS was required for nuclear localization, a mutant (ORF2-⌬NLS) containing a deletion of aa 64 to 70 was synthesized, cloned into the pCMV-FLAG vector, and transfected in Neuro-2A cells. The ORF2-⌬NLS protein levels were similar to those for wt ORF2, but ORF2-⌬NLS migrated primarily as a 29-kDa protein (Fig. 1D) . Unlike wt ORF2, ORF2-⌬NLS was not detected in the nuclear pellet, suggesting that this protein was not present in the nucleus.
Subcellular localization of ORF2 mutants. ORF2 localized to the nuclear periphery in transfected Neuro-2A cells (Fig. 2) , which was consistent with a previous study (74) . The ORF2-95 mutant (Fig. 2) , which was expressed at lower levels in transfected cells (Fig. 1C) , was more diffusely localized throughout the nucleus relative to cells expressing the wt ORF2. The other transposon mutants had a localization similar to that of wt ORF-2 (data not shown), which was somewhat surprising because certain transposon mutants appeared to be tightly associated with structures in the nucleus (Fig. 1C) .
The ORF2-⌬NLS mutant was localized to the peripheral area of the cytoplasm, confirming the results in Fig. 1D , which indicated that deletion of ORF2 amino acids 64 to 70 disrupted nuclear localization. The phosphorylation mutants, ORF2-AP and ORF2-P, appeared to have a nuclear localization similar to that of wt ORF2, even though they were more difficult to extract from transfected cells. During productive infection, ORF2 is diffusely localized to the nucleus and cytoplasm (reference 53 and data not shown), suggesting that a virally encoded or induced factor regulates ORF2 localization. In summary, we have constructed and characterized a panel of ORF2 mutants that can be used to analyze the known functions of ORF2.
Analysis of antiapoptosis activity of ORF2 mutants. Transient transfection assays were performed to compare the antiapoptosis functions of ORF2 to the respective mutants described in Fig. 1 . For these studies, plasmids expressing the respective ORF2 mutants were transfected into Neuro-2A cells, and cold shock-induced apoptosis was performed as previously described (5, 69, 70) . At 24 h after transfection, cells were starved in 2% fetal calf serum for 12 h, and cultures were incubated on ice for 1 h and then returned to 37°C for 3 h. DNA was then extracted and analyzed by agarose electrophoresis. Neuro-2A cells or Neuro-2A cells placed on ice for 1 h contain no detectable DNA laddering (69, 70 (Fig. 3A and B) . The ORF2-310 and ORF2-469 mutants were unable to inhibit cold shock-induced apoptosis compared to wt ORF2 ( Fig. 3A and B) . The antiapoptosis activity of wt ORF2 was significantly different than that of ORF2-310 or ORF2-469 (P Ͻ 0.008 or 0.01, respectively). The ability of the other transposon insertion mutants to inhibit cold shock-induced apoptosis in Neuro-2A cells was not significantly different from that of wt ORF2 (P Ͼ 0.05). Although the ORF2-95 mutant was expressed at low levels relative to wt ORF2, it still retained antiapoptosis activity, suggesting that low levels of ORF2 were sufficient for inhibiting apoptosis. Neuro-2A cells expressing ORF2-⌬NLS (Fig. 3C) were protected against cold shock-induced apoptosis with an efficiency similar to that of wt ORF2, which was surprising because ORF2-⌬NLS was localized to the cytoplasm. Both phosphorylation mutants (ORF2-P and ORF2-AP) inhibited cold shockinduced apoptosis relative to the control (Fig. 3C, P Ͻ 0.05) .
To confirm the results in Fig. 3 , we used a ␤-Gal cotransfection assay (27, 48) that has been modified to measure the effects of various genes on apoptosis (7, 23, 28, 37, 60) . When a known apoptosis stimulator is used, the number of surviving cells can be accurately measured using the ␤-Gal cotransfection assay. For these studies, apoptosis was induced using cold shock treatment of Neuro-2A cells. Neuro-2A cells transfected with a plasmid that expresses wt ORF2 exhibited at least a 3-fold increase in cell survival after cold shock-induced apoptosis, as judged by an increase in the number of ␤-Gal ϩ cells (Fig. 4) . As expected, plasmids expressing ORF2-310 and ORF2-469 did not enhance survival. Consistent with the studies performed in Fig. 3 , the other ORF2 transposon insertion mutants, ORF2-⌬NLS, and the two phosphorylation mutants (ORF2-AP and ORF2-P) inhibited apoptosis with efficiencies similar to that of wt ORF2. Cell survival was consistently high in cells expressing ORF2-⌬NLS or the phosphorylation mutants (ORF2-AP and ORF2-P) compared to wt ORF2: however, the difference was not statistically significant (Fig. 4) .
Confocal microscopy was performed to confirm that cells expressing ORF2-310 or ORF2-469 were not protected against apoptosis. For these studies, we tested whether cleaved caspase 3 was present in cells expressing either wt ORF2 or the ORF2-310 and ORF2-469 mutants. Cleavage of caspase 3 is considered to be the "point of no return" during intrinsic and extrinsic induced pathways of apoptosis and thus is an established marker for apoptosis induction (15, 58, 68) . Neuro-2A cells transfected with the respective plasmids were cold shocked, incubated at 37°C, processed for immunofluorescence, and then visualized with a confocal microscope. Cleaved caspase 3 was not detected in ORF2-positive cells. However, cleaved caspase 3 was readily detected in cells not expressing ORF2, which was expected because cells that were not transfected would undergo cold shock-induced apoptosis. In contrast, cells expressing ORF2-310 or ORF2-469 were consistently positive for cleaved caspase 3, confirming that these mutants do not efficiently inhibit apoptosis (Fig. 5) .
Identification of ORF2 mutants that interfere with transactivation of the bICP0 E-promoter by Notch1. As discussed above, ORF2 interacts with the cellular transcription factor Notch1, a component of the Notch signaling pathway that controls the differentiation and development of all tissues (74) . Notch1 trans-activates the bICP0 early promoter, and ORF2 reduces the trans-activation potential of Notch1.
To identify domains in ORF2 that interfered with Notch1-mediated trans-activation of the bICP0 early promoter, transient transfection assays were performed with Neuro-2A cells. Notch1 overexpression activated the bICP0 early promoter approximately 12-fold, and ORF2 reduced Notch1-mediated trans-activation to 3-fold (Fig. 6) (74) . Four transposon mutants, ORF2-95, ORF2-134, ORF2-240, and ORF2-271, did not significantly reduce the ability of Notch1 to stimulate bICP0 early promoter activity compared to wt ORF2. With respect to ORF2-95, we cannot distinguish whether this was due to lower protein expression levels or if an essential inhibitory domain was disrupted. The remainder of the transposon mutants inhibited trans-activation of the bICP0 early promoter by Notch1 with an efficiency similar to that of wt ORF2. The phosphorylation mutants, ORF2-P and ORF2-AP, but not ORF2-⌬NLS, also inhibited Notch1-mediated trans-activation of the bICP0 early promoter with an efficiency similar to that of wt ORF2 (P Ͼ 0.05).
Identification of ORF2 mutants that interfere with productive infection induced by Notch1. Additional studies were performed to identify ORF2 mutants that interfere with the ability of Notch1 to stimulate productive infection. We hypothesized that there may be differences between wt ORF2 and the ORF2 mutants in terms of interference with Notch1 trans-activation of the bICP0 early promoter. The rationale for this prediction is summarized below. Eleven known consensus binding sites for CSL (RBP-j) exist (62) . The Notch ICD interacts with members of the CSL family of transcriptional repressors, To determine whether ORF2 interfered with the ability of Notch1 to stimulate BHV-1 productive infection, rabbit skin (RS) cells were cotransfected with a plasmid expressing the Notch1 ICD or the Notch1 ICD and ORF2 plus the BHV-1 gCBlue virus genome, and the efficiency of productive infection was measured. The gCblue virus contains the LacZ gene downstream of the gC promoter, which allows measurement of the efficiency of productive infection by counting ␤-Gal ϩ cells. The number of ␤-Gal ϩ cells directly correlates with plaque formation (13, 14, 54, 75, 76) . RS cells were used for these studies because they are permissive for BHV-1 and can be readily transfected. The Notch1 ICD expression plasmid consistently stimulated productive infection approximately 4-fold (Fig. 7) ; however, ORF2 reduced the number of ␤-Gal ϩ cells to background levels. The effects of the respective ORF2 mutants on Notch1-mediated activation of productive infection were then analyzed. Five transposon mutants (ORF2-95, ORF2-134, ORF2-240, ORF2-271, and ORF2-310) and the ORF2-⌬NLS mutant were unable to significantly interfere with the ability of Notch1 to stimulate productive infection (P Ͻ 0.05). Interestingly, ORF2-310 did not interfere with Notch1-mediated trans-activation of the bICP0 early promoter, suggesting that the ability of Notch1 to stimulate productive infection was not entirely dependent on interfering with bICP0 early promoter activity. ORF2-P and ORF-2AP, but not ORF2-⌬NLS, reduced productive infection as efficiently as wt ORF2. ORF2-333, ORF2-469, and ORF2-529, in general, had an intermediate effect on the ability of Notch1 to stimulate FIG. 5 . Induction of caspase 3 cleavage by ORF2 transposon mutants. Neuro-2A cells were transfected for 24 h and incubated in EMEM with 2% FCS for 12 h, and then cold shock-induced apoptosis was performed as described in Materials and Methods. Cells were then processed for immunofluorescence as described in Materials and Methods. Mouse anti-Flag antibody (red) was used to detect Flag-tagged ORF2 and the designated transposon mutants. Rabbit anti-cleaved caspase 3 antibody (green) was used to detect activated cleaved caspase 3. DAPI (blue) was used to stain the nucleus.
FIG. 6. Identification of ORF2 sequences that interfere with
Notch1-mediated trans-activation of the bICP0 early promoter. Neuro-2A cells were cotransfected with the bICP0 E promoter construct (EP-172), a CMV promoter plasmid expressing the Notch1 intracellular domain, and the designated ORF2-expressing constructs. At 48 h posttransfection, cells were collected and processed for CAT activity as described in Materials and Methods. The CAT activity of cells transfected with the control CAT vector was set to 1. All other values are expressed as fold activation with respect to the control. These studies are the average of at least three independent experiments. An asterisk denotes significant differences (P Ͻ 0.05) from the wt ORF2 samples as determined by the Student t test.
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on August 29, 2017 by guest http://jvi.asm.org/ productive infection, which was not significantly different from that of wt ORF2 (P Ͼ 0.05). In general, the results in Fig. 6 and 7 suggested that the amino-terminal sequences in ORF2 were important for inhibiting Notch1-mediated trans-activation of the bICP0 early promoter activity and productive infection.
DISCUSSION
LR protein expression is necessary for dexamethasone-induced reactivation from latency in cattle (30) , in part because an LR mutant virus containing stop codons at the N terminus of ORF2 induces higher levels of apoptosis in sensory neurons during the establishment of latency (52) . In contrast to BHV-1, other Alphaherpesvirinae subfamily members (herpes simplex virus type 1 [HSV-1] and HSV-2, for example) abundantly express several small noncoding RNAs that are proposed to mediate the latency-reactivation cycle in small-animal models (38, 39, 61) . BHV-1-encoded ORF2 (7, 70) and HSV-1 LAT (2, 3, 19, 28, 60) inhibit apoptosis, which promotes the survival of infected sensory neurons. The reduced reactivation phenotype of an HSV-1 LAT-null mutant is restored to wild-type levels when an antiapoptosis gene is inserted in the LAT locus and is expressed during latency (35, 36, 56, 59) , underscoring the importance of enhancing the survival of infected neurons. In addition to inhibiting apoptosis, ORF2 interacts with at least three cellular transcription factors, C/EBP-alpha, Notch1, and Notch3 (54, 74) , suggesting that ORF2 regulates viral and/or cellular transcription. Thus, identifying domains in ORF2 that are important for inhibiting apoptosis relative to its other known functions may provide insight into how ORF2 regulates the latency-reactivation cycle.
A previous study identified an NLS in ORF2 that matches the NLS in the cellular transcription factor Sp1 (10) . Deletion of the NLS (ORF2-⌬NLS) prevented the localization of this mutant to the nucleus. However, the ORF2-⌬NLS mutant protein was localized at or near the plasma membrane of transfected cells, suggesting that ORF2 can interact with membrane components. Surprisingly, ORF2-⌬NLS inhibited cold shock-induced apoptosis with an efficiency similar to that of ORF2, suggesting that nuclear localization of ORF2 was not required for its antiapoptosis functions or that low levels of the ORF2-⌬NLS protein were present in the nucleus. Mutating all of the putative phosphorylation sites within ORF2 or just the consensus PKA/PKC phosphorylation sites led to increased levels of ORF2 in Neuro-2A cells but had no effect on inhibiting apoptosis or Notch1 functions. At this point, it is not clear whether phosphorylation regulates an unknown function of ORF2 or if it simply destabilizes ORF2. Phosphorylation renders many proteins susceptible to degradation, as reviewed in reference 25; such susceptible proteins include the p53 tumor suppressor protein (79) and proteins that regulate cell cycle checkpoints (21) . The presence of PKA phosphorylation sites in ORF2 may have biological significance, because cyclic AMP (cAMP), which activates PKA (9), stimulates HSV-1 reactivation from latency (50, 71) . ORF2-310 and ORF2-469 were unable to inhibit cold shockinduced apoptosis, but these mutants inhibited Notch1-mediated trans-activation of productive infection. These results suggested that ORF2 contains two nonoverlapping functional domains and that the amino terminus of ORF2 was important for inhibiting Notch1-mediated trans-activation of productive infection. For Notch family members to activate transcription in the canonical Notch signaling pathway, the Notch intracellular domain must interact with a CSL family member that specifically binds DNA (reviewed in references 4 and 11). At least two noncanonical Notch signaling pathways exist (66) , suggesting that ORF2 interferes with one or more of these pathways. ORF2-Notch interactions may also maintain "neuronal health" during life-long latency, because activation of Notch signaling interferes with neurite formation (12, 51) , which is crucial for normal neuronal functions. Conversely, ORF2 may capture Notch1 and Notch3 to regulate steps that are necessary for establishing or maintaining life-long latency in cattle. Since Notch1 and Notch3 RNA levels are increased in trigeminal ganglia after dexamethasone treatment (74), a known stimulus for reactivation from latency (74) , there may be more than one reason to overcome the deleterious effects of Notch on latently infected neurons. Further studies designed to understand the effects of ORF2 on Notch signaling pathways are currently being pursued.
In summary, we predict that ORF2 promotes survival of infected neurons by at least two distinct mechanisms: (i) inhibition of apoptosis (53, 70, 75) and (ii) interference with viral transcription by sequestering cellular transcription factors such as Notch1, Notch3 (74), or C/EBP-alpha (54) . C/EBP-alpha is induced during dexamethasone-induced reactivation from latency (54) and cooperates with bTIF, the HSV-1 VP16 homologue, to trans-activate the immediate early transcription unit 1 promoter (55) . The ability of ORF2 or an ORF2 fusion protein to interact with cellular transcription factors that stimulate productive infection is believed to promote the establishment and/or maintenance of latency. It is unlikely that ORF2 plays a direct role in reactivation from latency, because LR promoter activity (42) and LR-RNA levels (63) are reduced dramatically during dexamethasone-induced reactivation from latency. ORF2 may not be the only important product encoded by the LR gene, because other proteins are encoded by the LR gene (29, 53) and two microRNAs encoded by the LR gene reduce bICP0 protein levels (32) . The mechanism by which the additional LR gene factors support ORF2 during life-long latency is being examined.
